Background and purpose: Glycogen synthase kinase-3 (GSK-3) affects neuropathological events associated with Alzheimeŕs disease (AD) such as hyperphosphorylation of the protein, tau. GSK-3b expression, enzyme activity and tau phosphorylated at AD-relevant epitopes are elevated in juvenile rodent brains. Here, we assess five GSK-3b inhibitors and lithium in lowering phosphorylated tau (p-tau) and GSK-3b enzyme activity levels in 12-day old postnatal rats. Experimental approach: Brain levels of inhibitors following treatment in vivo were optimized based on pharmacokinetic data. At optimal doses, p-tau (Ser 396 ) levels in brain tissue was measured by immunoblotting and correlated with GSK-3b enzyme activities in the same tissues. Effects of GSK inhibitors on p-tau, GSK-3b activities and cell death were measured in a human neuronal cell line (LUHMES). Key results: Lithium and CHIR98014 reduced tau phosphorylation (Ser 396 ) in the cortex and hippocampus of postnatal rats, while Alsterpaullone and SB216763 were effective only in hippocampus. AR-A014418 and Indirubin-3 0 -monoxime were ineffective in either brain region. Inhibition of p-tau in brain required several-fold higher levels of GSK inhibitors than the IC 50 values obtained in recombinant or cell-based GSK-3b enzyme activity assays. The inhibitory effect on GSK-3b activity ex vivo correlated with protection against cell death and decrease of p-tau-in LUHMES cells, using low mM inhibitor concentrations. Conclusions and Implications: Selective small-molecule inhibitors of GSK-3 reduce tau phosphorylation in vivo. These findings corroborate earlier suggestions that GSK-3b may be an attractive target for disease-modification in AD and related conditions where tau phosphorylation is believed to contribute to disease pathogenesis.
Introduction
Alzheimer's disease (AD) is a neurodegenerative condition characterized by the extracellular accumulation of senile plaques and intraneuronal formation of neurofibrillary tangles (NFT) (Braak and Braak, 1991; Iqbal et al., 2005) . The protein tau promotes microtubule assembly (Weingarten et al., 1975) and stabilization (Kanai et al., 1992) . Alterations in the phosphorylation state of tau, notably hyperphosphorylation, have been implicated in the formation of paired helical filaments (PHFs), which are integral components of NFT and may precede their assembly into PHF (Bancher et al., 1989) . In addition, hyperphosphorylated tau loses its ability to bind to microtubules, leading to a disruption in microtubule assembly and deficits in axonal transport (see review by Mi and Johnson (2006) ). Given clinical evidence showing a correlation between NFT density and disease progression (Braak and Braak, 1991; Arriagada et al., 1992) , and recent studies reporting age-dependent synaptic deficits, hippocampal degeneration and memory impairment in transgenic mice overexpressing mutant forms of tau (Ramsden et al., 2005; Yoshiyama et al., 2007) , strategies targeting tau pathology are attractive for the treatment of AD.
Tau is encoded by a single gene located on chromosome 17 and alternative splicing leads to the formation of six isoforms, all of which can be found in the adult brain (Goedert et al., 1998; Hong et al., 1998) . Phosphorylation of tau by several kinases, including mitogen-activated protein kinase (MAPK), cyclin-dependent kinase 2/5 (CDK2/5), and glycogen synthase kinase-3b (GSK-3b) generates epitopes found in AD brains (Drewes et al., 1992; Baumann et al., 1993; Mandelkow et al., 1995) . GSK-3 is a serine/threonine kinase known to phosphorylate several substrates and involved in diverse cellular pathways such as cell signalling and survival. Two related isoforms, GSK-3a and b, are expressed in the adult mammalian brain and share similarities in their catalytic domains and substrate specificity (Woodgett, 1990 (Woodgett, , 1991 Plyte et al., 1992) . GSK-3a/b are regulated at multiple levels by post-translational phosphorylation of Ser 21/9 (inhibitory) and Tyr 279/216 (activating) by interaction with docking proteins such as axin and presenilins that bring together the enzyme and its priming kinase (for example, casein kinase and protein kinase A) and by intracellular distribution (Van and Haefner, 2003; Kockeritz et al., 2006) . Recent studies have explored the involvement of GSK-3b in abnormal tau phosphorylation, NFT formation and APP processing (Pei et al., 1999; Ferrer et al., 2005) . GSK-3b phosphorylates sites corresponding to PHF-tau including Ser 202 , Ser 396 , Thr 181 and Thr 231 according to the longest human tau isoform containing 441 residues (Goedert et al., 1989; Hanger et al., 1998) . In early AD, active GSK-3b has been associated with pre-PHF/tangles (Yamaguchi et al., 1991; Pei et al., 1999) . Additional observations showing increased expression of GSK-3b in post-synaptosomal compartments in affected brain regions (Pei et al., 1997) and decreased activity and levels of protein phosphatases A/B (PP-2A/B) in AD (Gong et al., 1995 (Gong et al., , 2000 VogelsbergRagaglia et al., 2001; Rahman et al., 2005) , suggest that a combined dysregulation in both pathways could contribute to enhanced tau phosphorylation in the disease. During recent years, distinct classes of small-molecule GSK-3 inhibitors have been developed for various conditions including diabetes, mood disorders and AD (Meijer et al., 2004; Huang and Klein, 2006) . LiCl and AR-A014418, a thiazole class inhibitor, were shown to reduce insoluble, hyperphosphorylated tau in the brainstem of JNPL3 transgenic mice overexpressing a mutant form of human tau (Noble et al., 2005) . Aminopyrimidine derivatives, originally developed for diabetes, showed efficacy in lowering the blood glucose levels in rodent disease models (Ring et al., 2003) . Although many in vitro studies have examined the effect of GSK-3 inhibitors on phosphorylated tau (p-tau) levels, neuroprotection (Hoeflich et al., 2000; Bhat et al., 2003) and amyloid-b (Ab) production (Phiel et al., 2003) , very little is known about their effect on disease-related end points in vivo.
In the current study, we used a postnatal rat model characterized by high levels of p-tau linked to enhanced GSK-3b activity (Takahashi et al., 1995; Leroy and Brion, 1999) , to evaluate the effect of pharmacological inhibition of GSK-3 on this pathological hallmark of AD and correlated it to enzyme activity ex vivo, inhibition of recombinant GSK-3b and to its effect on kinase activity and p-tau in a human neuronal cell line.
Methods

Animals
All animal procedures were performed in accordance with the guidelines of the Danish National Committee on Animal Research Ethics and the European Communities Council Directive no. 86/609 for the Care of Laboratory Animals.
Time-mated female Wistar rats were ordered from Harlan, The Netherlands. Rats taken at postnatal days 0-28 (P0-28), as well as 3-month-old rats, were killed by decapitation for establishment of the postnatal rat model; postnatal day 12 pups (P12) were used for inhibitor efficacy studies.
Immunohistochemical analysis P12 and adult rats were anaesthetized with tribromoethanol (4 mg per 100 g body weight) intraperitoneally (i.p.) and perfused with 4% phosphate-buffered paraformaldehyde via the ascending aorta. Brains were post-fixed with in the same fixative for 4 h at room temperature (RT) and cryoprotected in 30% sucrose in phosphate-buffered saline (PBS). Brains were cut into 40 mm cryosections. For long-term storage, sections were transferred to cryoprotectant and kept at À20 1C. To quench endogenous peroxidase activity, sections were treated with 1% H 2 O 2 and then blocked with 5% normal porcine serum in PBS/1% bovine serum albumin (BSA)/0.3% Triton X-100. The sections were incubated at 4 1C overnight with 1:100 monoclonal mouse anti-p-tau antibody (clone AT8; Innogenetics, Alpharetta, Georgia, USA) in PBS/1% BSA/0.3% Triton X-100. Sections were then rinsed 3 Â 10 min in PBS and incubated for 60 min with a biotinylated horse anti-mouse antibody diluted 1:500 (Dako, Glostrup, Denmark). The sections were rinsed again and incubated with the avidin-biotin complex (no. PK 6100, Vector, Burlingame, CA, USA) at RT for 60 min. After rinsing, the sections were reacted with 0.05% 3,3 0 -diaminobenzidine (DAB) in 0.01% H 2 O 2 in PBS for 5-20 min. After staining, images were captured with a JenOptik ProgRes digital camera and analysed using an Openlab imaging station (Improvision, Coventry, UK). Density slicing of regions of interest under standardized conditions was used to detect the area of staining (staining index).
Preparation of brain tissue extracts
For investigation of p-tau levels during rat brain postnatal development (postnatal day 0 to adulthood) brain tissue was homogenized as described previously (Mawal-Dewan et al., 1994) with some minor modifications. Briefly, tissue was diluted 1.5-fold w v À1 of buffer A (100 mM 2-(N-morpholino) ethanesulphonic acid (MES), pH 6.5, 0.5 mM magnesium acetate, 1 mM EGTA, 5 mM 2-mercaptoethanol, 0.1 mM phenylmethylsulphonyl fluoride, 1 mg ml À1 pepstatin and 1 mg ml À1 leupeptin) and centrifuged at 50 000 g for 30 min at 2 1C. The supernatant was collected and centrifuged again at 115 000 g for 70 min at 2 1C. This final supernatant was used to investigate p-tau levels by western blotting as described in the following section. After timed administration of GSK-3 inhibitors, P12 rats were killed and the brain removed. Half of the brain was used for brain exposure studies and the other half was dissected on ice to separate the hippocampus and cortex for western blotting and GSK-3b activity assays. Tissue was stored at À80 1C until processed. For western blot analysis, crude brain homogenates were prepared by sonicating tissue on ice in 50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1 mM NaF and 2 mM Na 3 VO 4 and 1 Â Complete protease inhibitor cocktail (Roche, Denmark) and centrifuging at 18 000 g for 15 min at 4 1C. Pellets were discarded and protein concentration in the supernatant determined using the bicinchoninic acid (BCA) protein determination kit from Pierce, Herlev, Denmark.
For GSK-3b activity assays, the cortex from P12 animals treated with different GSK-3 inhibitors was homogenized in ice-cold radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris-HCl, 1% nonidet P-40 (NP-40), 150 mM NaCl, 1 mM EDTA, pH 7.4 with 0.25% Na-deoxycholate, 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM 4-(2-aminoethyl) benzene sulphonyl fluoride hydrochloride (AEBSF) and 1 Â Complete protease inhibitor cocktail for 30 min on ice. The tissue was centrifuged at 18 000 g for 15 min at 4 1C. The supernatant was then collected and the protein concentration of the lysate measured using the BCA protein assay.
Western blotting
Briefly, brain homogenates were prepared as described previously and 10 mg of protein containing 4 Â LDS (lithium dodecyl sulphate) loading buffer, was heated to 60 1C for 5 min and proteins separated by electrophoresis on 4-12% Bis-Tris NuPage gels using sodium dodecyl sulphate (SDS)-MOPS ((3-(N-morpholino) propane sulphonic acid) running buffer. A SeeBlue pre-stained molecular mass marker (Invitrogen, Taastrup, Denmark) was run on each gel for protein size determination. Proteins were separated at 150 V for 2 h and subsequently transferred onto 0.45 mm polyvinylidene difluoride (PVDF) membranes at 40 V for 2 h. The membranes were blocked for 1 h at RT using 5% non-fat dry milk in 20 mM Tris buffer, pH 7.6, with 137 mM NaCl and 0.05% (w v À1 ) Tween-20. Subsequently, membranes were incubated with primary antibody in blocking buffer overnight at 4 1C. Monoclonal antibodies recognizing distinct phosphorylated epitopes of p-tau and total tau (both phosphorylated and non-phosphorylated forms) were used. The antibodies corresponding to different epitopes of human tau were used at the following dilutions: Ser 396 (1:5000), AT-8, recognizing , (1:4000) and tau 5, recognizing total tau, (1:5000). A monoclonal mouse antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (1:5000) was used as a loading control. Membranes were washed three times with 20 mM Tris buffer, pH 7.6, with 137 mM NaCl and 0.05% (w v À1 ) Tween-20 and incubated with a secondary horseradish peroxidase (HRP)-labelled goat antibody against rabbit IgG (1:1000) or a rabbit antibody against mouse IgG (1:2000) for 1 h at RT. After an additional washing step, immunolabelled proteins were visualized using chemiluminescence (ECL plus, Amersham, Birkerod, Denmark). Blots were stripped with 20 mM Tris, pH 7.2, 10% SDS and 100 mM b-mercaptoethanol and reprobed with anti-GAPDH to normalize for amount of protein loaded. Western blots were scanned using a FujiFilm LAS300 Intelligent Dark Box scanner, and the band density of each blot was quantified within the linear range of detection using the FluoroChem 8800 system and AlphaEase software.
Immunoprecipitation-based method for measuring GSK-3b activity in cells A human immortalized cell line that can be differentiated into neuronal-like cells, LUHMES (Lotharius et al, 2002 (Lotharius et al, , 2005 , was used to measure the effect of various inhibitors on GSK-3b enzyme activity. Cells were treated with six concentrations (ranging from 0.001 to 100 mM) of the following: SB216763, TDZD-8, Alsterpaullone, Indirubin-3 0 -monoxime, CHIR98014 and AR-A014418 (all dissolved in dimethylsulphoxide (DMSO), which was used for as a vehicle-treated control) for 6 h at 37 1C and then lysed with ice-cold RIPA buffer (50 mM Tris-HCl, 1% NP-40, 150 mM NaCl, 1 mM EDTA, pH 7.4) containing 0.25% Na-deoxycholate, 1 mM NaF, 1 mM Na 3 VO 4 , 1 mM AEBSF and 1 Â Complete protease inhibitor cocktail for 30 min on ice. The supernatant was collected, and the protein concentration was measured using the BCA protein determination assay. For immunoprecipitation of GSK-3b, 50 ml of DYNA beads were rinsed three times with PBS/0.1% BSA and re-suspended in 10 ml PBS/0.1% BSA. GSK-3b was purified by adding 5 ml of 250 mg ml À1 purified monoclonal mouse anti-GSK-3b antibody. The samples were incubated for 1 h at 4 1C and rinsed three times in PBS/0.1% BSA. The antibody-labelled beads were re-suspended in 50 ml of cell extraction buffer (10 mM Tris-HCl pH 7.4, 50 mM NaCl, 1 mM EGTA, 1 mM EDTA, 50 mM b-glycerophosphate, 3 mM benzamidine, and 0.05% NaN 3 , 50 mM NaF, 100 mM Na 3 VO 4 and 1 mM AEBSF) after which 10 mg of LUHMES cell lysate was added to the mixture and incubated for 1 h at 4 1C.
The immune complex was then rinsed three times in cell extraction buffer and two more times in assay buffer (50 mM HEPES, 10 mM MgCl 2 , 5 mM MnCl 2 , 1 mM DTT, 1 mM ATP). The enzyme reaction was performed by incubating the immunoprecipitates in assay buffer (see above) containing 5 mg phospho-glycogen synthase (GS) peptide-2 and 20 mCi [g-33 P]ATP for 30 min at 30 1C. Both a positive (recombinant GSK-3b) and a negative control (reaction mixture with no protein or reaction containing 2 mM CHIR98014) were performed for every experiment. The reaction was stopped by the addition of 4 Â LDS loading buffer containing 1% bmercaptoethanol. Samples were then boiled at 95 1C for 5 min and proteins separated by SDS-polyacrylamide gel electrophoresis (PAGE) on 16% Tricine-SDS-polyacrylamide gels (Invitrogen). Gels were stained with Coomassie blue and autoradiographed. Incorporation of 33 P into GS peptide after 30 min by GSK-3b immunoprecipitated from 10 mg total cellular protein was measured by densitometry (AlphaEase FluoroChem 8800 software). IC 50 values were calculated using sigmoidal dose-response curve fit analysis.
Immunoprecipitation-based method for measuring GSK-3b activity in tissue extracts This assay was performed as described above with a few modifications: 1.5 mg of cortical tissue homogenized in ice-cold RIPA buffer was added to the beads and incubated for 1 h at 4 1C. The immune complex was rinsed three times in cell extraction buffer and two more times in assay buffer. The immunoprecipitates were then incubated in assay buffer including containing 5 mg GS peptide-2, 1 mCi [g-33 P]ATP for 15 min at 30 1C. A positive and negative control was also performed for every experiment. The remainder of the procedure is performed as described above. Incorporation of 33 P into GS peptide after 15 min by GSK-3b immunoprecipitated from 1.5 mg total cellular protein was measured by densitometry (AlphaEase FluoroChem 8800 software) and expressed as percent inhibition compared to vehicle-treated controls.
Recombinant GSK-3b activity assay GSK-3b activity was measured using FLASH-plates (PerkinElmer Life Science, Waltham, Massachusetts, USA) pre-coated with streptavidin and a biotin-labelled GS peptide as substrate (biotin-(EACA)PRPASVPPSPSLSRHSSPHQS(PO 3-H 2 )EDEE-NH 2 , Schafer-N, Denmark). Human recombinant GSK-3b was provided by Dundee University (Dundee, UK). Following the GSK-3b-catalysed transfer of the 33 P from [g-33 P]ATP (Amersham) to the substrate, the proximity of 33 P-substrate to the scintillation-coated well results in a detectable signal. The assay was performed in 100 ml total volume of assay buffer containing 12 mM MOPS, 10 mM Mgacetate, 0.2 mM EDTA, and 1 mM dithioerythritol (DTE), pH 6.6 and the following: the test compound, 2 mCi ml À1 ATP, 0.1 mM substrate and 30 mU ml À1 enzyme incubated for 1 h at RT. Washing two times with 100 ml PBS terminated the reaction and the plates were subsequently counted in a Wallac Microbeta counter (PerkinElmer Life Sciences, USA). Background was defined by including 10 mM staurosporine, and the IC 50 values were calculated by nonlinear regression fit using the Levenburg Marquardt algorithm of the data to the four-parameter logistic function: ) and Alsterpaullone (20 mg kg À1 ) were dissolved in 20% DMSO/ 25% Tween-80 and injected i.p. and s.c., respectively. All drug studies were conducted using P12 rats from the same litter. Control animals were dosed with the respective vehicle and both groups were killed after 1, 2 and 4 h for brain exposure measurements (see the next section), western blotting and GSK-3b activity assays. Experiments measuring the efficacy of each compound were performed at least three times and at a time point determined by brain exposure data.
LiCl ( Brain exposure measurements Rat brain homogenates were analysed for exposure levels of SB216763, Indirubin-3 0 -monoxime, Alsterpaullone, CHIR98014 and AR-A014418 using turbulent flow chromatography (HTLC) followed by detection by Tandem mass spectrometry (MS/MS). Four times 70% v w À1 acetonitrile was added to the sample and homogenized in an autogizer robot (Tomtech, Hamden, CT, USA). The brain homogenate was centrifuged at 6000 g for 15 min at 5 1C, and the supernatant was analysed. Calibration curves (1-1000 ng ml À1 brain homogenate) for each compound were prepared using brain homogenate from untreated rats. A total of 25 ml of 10% MeOH with internal standard (citalopram) was added to either 25 ml of brain homogenate or calibration standard, followed by centrifugation at 6000 g for 20 min at 5 1C). Ten microlitres of each sample was injected into the HTLC system using a HTS PAL autosampler (Cohesive Technologies, Franklin, MA, USA). Samples with AR-A014418 were purified using 0.1% HCOOH in water for 15 s (2 ml min À1 ) using a Cyclone HTLC column (0.5 Â 50 mm, 50 mm, Cohesive Technologies). The compounds were extracted from the HTLC using 100 ml 0.1% HCOOH/90% acetonitrile placed in the loop and transferred to the analytical column, X-Terra MS C 8 (20 Â 2.1 mm, 3.5 mm, Waters, Milford, MA, USA) with 0.1% HCOOH in water over 120 s (0.08 ml min À1 ) and eluted from the analytical column using a gradient from 0.1% HCOOH/2% MeCN to 0.1% HCOOH/98% acetonitrile for 45 s, followed by elution with 0.1% HCOOH/98% acetonitrile for 120 s flow 0.5 ml min
À1
). Detection of the compound was performed using Ultima triple-quadropole mass spectrometer (Waters) and positive ionization using multiple reaction monitoring set at optimal conditions. For AR-A014418 the transition 308.9-121.7 was used.
All other samples were purified using 0.1% NH 3 OH/5% MeOH (2.25 ml min À1 ) for 45 s using a Cyclone HTLC column (0.5 Â 50 mm, 50 mM, Cohesive Technologies). The compounds were extracted from the HTLC column using 100 ml 90% MeOH placed in the loop and transferred to the analytical column, X-Terra MS C8 (20 Â 2.1 mm, 3.5 mM, Waters) with 0.1% NH 3 OH in water over 120 s (0.08 ml min
) and eluted from the analytical column using a gradient from 0.1% NH 3 OH/2% MeOH to 0.1% NH 3 OH/ 98% MeOH for 105 s, followed by elution with 0.1% NH 3 OH/ 98% MeOH for 120 s (flow 0.35 ml min
). Detection of the compounds was performed using a Sciex API3000 triplequadruple mass spectrometer (Applied Biosystems, Foster City, CA, USA). Alsterpaullone was analysed using negative ionization and SB216763, Indirubin-3 0 -monoxime and CHIR98014 were analysed using positive ionization electrospray with multiple-reaction monitoring set at optimal conditions for each compound. The following transitions were used: CHIR98014 (4859-164.1), SB216763 (371.0-336. 3) and Indirubin-3 0 -monoxime (278.0-259.9), Alsterpaullone (294.8-226.8) . Values represent atomic mass units.
The concentration of the compounds in brain homogenates was determined by standard calibration curve analysis, using linear fitting of a 1/x-weighted plot of the compound/ internal standard peak area ratios vs compound concentration.
LUHMES experiments
A human immortalized cell line that can be differentiated into neuronal-like cells, LUHMES (Lotharius et al., 2002 (Lotharius et al., , 2005 , was used to measure the effect of various GSK-3 inhibitors on tau phosphorylation, GSK3b activity and cell death. LUHMES cells were grown as described previously (Lotharius et al., 2002) , and treated after 4 days of differentiation with 2 mM GSK-3 inhibitors for 6 h and Ser 396 tau phosphorylation measured using a human Ser 396 p-tau ELISA kit (BioSource International, Camarillo, CA, USA) after lysis as per the manufacturer's instructions. Data are standardized to protein concentration and expressed as percent inhibition of p-tau compared to vehicle-treated control; in this case DMSO. To determine the neuroprotective effect of GSK-3 inhibitors used in this study, differentiated LUHMES cells were co-treated with 2 mM of each compound together with the phosphatidyl-inositol 3 (PI3) kinase inhibitor, LY294002, used at 50 mM. After 72 h, cell death was assessed using the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay. Data are presented as percent inhibition against LY294002 toxicity compared to vehicle-treated controls.
Statistical analysis
Data were analysed by two-tailed Student's t-test for the LiCl study (two groups). One-way analysis of variance (ANOVA) was used to analyse the data from the studies with the rest of the inhibitors (three or more groups). Values in graphs from in vivo studies are expressed as mean7s.d. 
Antibodies and chemicals
Results
Tau is hyperphosphorylated during early postnatal development in the rat Previous studies (Takahashi et al., 1995; Leroy and Brion, 1999) have shown an increase in p-tau and elevated GSK-3b protein and activity levels in the developing rodent brain, which peaked at postnatal day 12 (P12). To correlate these findings with the ultimate goal of establishing a model for testing the in vivo efficacy of GSK-3 inhibitors on tau phosphorylation, we used the AT8 antibody recognizing Ser 202 /Thr 205 p-tau to examine the pattern of tau phosphorylation throughout different stages of development in the rat brain. Whereas most areas in the adult brain, including the hippocampus (Hip), exhibited weak p-tau staining, strong immunoreactivity was present in some regions, including the hypothalamus and piriform (Pir) cortex ( Figure 1a ). In contrast, an intense immunostaining was observed throughout the P12 brain ( Figure 1b ). In the adult hippocampus, weak p-tau immunoreactivity was mainly localized to pyramidal and granular somata ( Figure 1c ), whereas somata as well as axonal and dendritic compartments were clearly immunostained in the P12 hippocampus ( Figure 1d ). In cortical regions, neuronal perikarya and apical dendrites were weakly p-tau positive in the adult rat ( Figure 1e ) in contrast to equivalent sections from P12 rat brain, where somata and neurites were strongly stained ( Figure 1f ). The overall p-tau staining pattern, or staining index, was quantified by 'density slicing' of the dentate gyrus as described in the Methods section and found to be significantly increased ( Figure 1g ). P12 brains stained with the Ser 396 antibody showed the same p-tau immunoreactivity pattern as the regions processed with AT8 (data not shown). Neither P12 nor adult rat brains were stained and analysed for the levels of total tau (phosphorylated and unphosphorylated forms), which could have been done using a tau 5 antibody. Studies investigating the distribution of tau during development using anti-total tau antibodies (Brion et al., 1994; Takahashi et al., 2000) showed staining in neurons and proximal neurites in the neocortex and hippocampus of 9-day-old rats. The staining intensity in the cell soma and apical dendrites appeared to be increased in 5-week-old rats. This differed from the staining pattern seen, which was weaker, when using phospho-specific antibodies. Also, as demonstrated by our western blotting analyses (see Figures 2b, c and f) no change in the levels of total tau was observed in cortex or hippocampus of 11-dayold pups and adult rats.
To support these immunohistochemical findings, the levels of p-tau were examined by western blot analysis using several antibodies recognizing different epitopes of p-tau: Immunoreactivity for p-tau was prominent throughout (b) the P12 brain compared to the adult (a), where strong immunostaining was present in piriform cortex (Pir) and areas of hypothalamus (Hyp). (c) In adult hippocampus (Hip) somata were weakly immunoreactive whereas (d) cell bodies and neuronal processes were strongly labelled in the P12 hippocampus. (e) p-tau immunoreactivity could be observed in neuronal perikarya and apical dendrites in adult cortical regions (perirhinal cortex, PRh). (b and f) In P12, somata and neuropil showed intense staining throughout cortical regions. (g) Quantification of the staining index in dentate gyrus (DG) was performed by density slicing as described in the Methods section (*Po0.05, t-test followed by MannWhitney, n ¼ 3). Scale bars: (a and b) ¼ 1 mm; (c and d) ¼ 100 mm; (e and f) ¼ 25 mm. p-tau, phosphorylated tau.
known to arise from alternative splicing of exons 2, 3 and 10 and inclusion of N-terminal inserts (Goedert et al., 1998; Hong et al., 1998) .
In juvenile brain tissue two main bands were visible, namely a 43 and a 49 kDa band, which as suggested by a previous report, may correspond to 3R0N and 4R0N tau, respectively (Brandt and Leschik, 2004 ; Figures 2a, c and e) .
Densitometry analysis of tau isoforms during postnatal development in whole brain, cortex and hippocampus showed an increase in juvenile p-tau levels during P0-11, peaking at P11 and a subsequent decrease of these forms starting at P17 until adulthood (Figures 2b, d and f) . In contrast, the predominantly adult isoform of tau, likely represented by the 56-kDa band, appeared at P17 and P 0 P 7 P 7 P 9 P 9 P 1 1 P 1 1 P 1 7 P 1 7 P 2 8 A d u l t P 1 P 3 P 7 P 7 P 7 P 9 P 9 P 1 1 P 1 1 P 2 1 P 2 6 P 2 6 A d u l t P 9 Hippocampus P 3 P 9 P 1 7 P 1 1 P 2 1 P 2 6 P 2 8 A d u l t P 2 3 P 7 (a, c and e) the level of total tau (as detected with a tau 5-specific antibody) was also monitored during development. Band densities were quantified within the linear range of detection using the FluoroChem 8800 system and AlphaEase software after scanning blots with a Fuji Film LAS300 light box. GAPDH was used as a loading control. Quantification was performed using densitometry analysis and values shown represent mean7s.d. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PHF, paired helical filament; p-tau, phosphorylated tau; SDS-PAGE, sodium dodecyl sulphatepolyacrylamide gel electrophoresis.
continued to increase in intensity into adulthood in all tissues investigated (Figures 2a, c and e) . As shown previously, this isoform is expressed late in rodent development (Brandt, 1996) as corroborated by our model. Since a similar increase in p-tau levels was observed with different antibodies recognizing several epitopes of p-tau such as AT8 and AT270 as with the Ser 396 antibody, and phosphorylation of the latter epitope is clearly involved in PHF formation and microtubule destabilization (Bramblett et al., 1993) , we decided to use the Ser 396 antibody during the continuation of our study. Finally, analysis of total tau (phosphorylated and unphosphorylated forms) as detected by a tau 5 antibody showed a stable 25% increase of total tau during postnatal development (4P3) and adulthood when compared to P0 in both whole brain and hippocampal tissue. In cortex, a slightly smaller increase was seen (E20%), following a transient E20% decrease in total tau between P3 and P11 ( Figure 2d ). This is in contrast to previous reports (Mawal-Dewan et al., 1994; Takahashi et al., 1995) claiming that total tau, which was measured by a phosphorylation independent antibody, increases from P9 into adulthood in all three tissue samples. We then investigated the activity levels of GSK-3b in our system using an immunoprecipitation-based assay modified from that of Planel et al. (2001) as described in the Methods section. Basal enzyme activity levels were analysed in whole brain, cortical and hippocampal tissue from P12 rats and adult rats. Total GSK-3b enzyme activity was measured by incorporation of 33 P into the GS peptide by GSK-3b isolated from 1.5 mg protein. As reported previously (Takahashi et al., 1995; Leroy and Brion, 1999) , GSK-3b enzyme activity was significantly higher in P12 than in adult rats: 36% in whole brain (Figures 3a and d) , 44% in cortex (Figures 3b and e) and 55% in hippocampus (Figures 3c and f) .
In conclusion, we have carefully characterized the pattern of tau phosphorylation in a postnatal rat model using various antibodies corresponding to epitopes present in PHF-tau and show that hyperphosphorylation of tau in cortex, hippocampus and whole brain tissue takes place in early postnatal development in the rat and correlates with increased GSK-3b enzyme activity.
Lithium chloride reduces tau phosphorylation in postnatal rats
The effects of LiCl, an ATP non-competitive inhibitor of GSK-3 (Jope, 2003; Phielet al., 2003) (IC 50 ¼ 1-2 mM), has been tested in various in vitro neuronal systems (Hong et al., 1997; Munoz-Montano et al., 1997) . In vivo, chronic LiCl administration was shown to reduce the aggregation of P301L mutant tau linked to fronto-temporal dementia linked to chromosome 17 (FTDP-17) in a transgenic mouse model (Perez et al., 2003) . Nevertheless, taking in account the many potential targets of LiCl, the need for pharmacological tools is important.
In this study, we wanted to confirm the ability of LiCl to reduce tau phosphorylation in vivo by using the postnatal rat model. For this purpose, P12 rats were dosed with 100 mg kg À1 LiCl for 8 h and compared to NaCl-treated animals. The levels of p-tau in cortical tissue were analysed by western blotting using the Ser 396 antibody. Treatment of P12 rats with LiCl resulted in a fourfold decrease in the phosphorylation of both 43 and 49 kDa tau bands, respectively in the cortex when quantified by densitometry (Figures 4a-c) . In addition, the lowering effect of LiCl was observed when using AT8 and AT270 (data not shown) antibodies suggesting that the effect of lithium is not epitope-specific. The effect was dose dependent, with no change in p-tau observed at 50 mg kg À1 using the full antibody panel (data not shown). Thus, we decided to continue our study using only one of the antibodies; in this case Ser 396 . P-tau as detected with this antibody will be referred to as 'p-tau' in the following sections. Hippocampal P12 rat tissue was investigated in a similar manner as described above revealing a significant decrease in the phosphorylation of the 43 kDa band by lithium but no change in the 49 kDa band when analysed by western blotting (Figures 4d-f ). To confirm that the reduction of p-tau by LiCl was indeed correlated to its inhibition of GSK-3b (Phiel and Klein, 2001) , the activity of this enzyme was investigated in cortical tissue from P12 rats treated for 8 h with 100 mg kg À1 LiCl or the same dose of NaCl. Total GSK-3b enzyme activity was measured, as described earlier in cortical tissue lysates. A
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NaCl 100 mg kg .005, t-test followed by Mann-Whitney test, n ¼ 6). (d) Western blotting of hippocampus was analysed as described above. (e and f) The effect of LiCl on p-tau levels was quantified by densitometry of both 43 and 49 kDa bands and compared to NaCl-treated animals. Data represent mean7s.d. and are expressed as Ser 396 p-tau normalized to GAPDH (*Po0.05, t-test followed by Mann-Whitney test, n ¼ 6). (g) Total GSK-3b enzyme activity was measured in cortical tissue lysates of P12 animals treated with 100 mg kg À1 lithium chloride, p.o., for 8 h (*Po0.05, Po0.05, t-test followed by Mann-Whitney test, n ¼ 6). (h) Quantification of 33 P incorporated into a GS peptide was by densitometric analysis of autoradiographic film. Data are expressed as percentage of enzyme activity of NaCl-treated animals and represent mean7s.d. (n ¼ 4, ***Po0.005, Student's t-test). GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GS, glycogen synthase; p-tau, phosphorylated tau.
35% decrease in enzyme activity was seen when compared to vehicle-treated animals demonstrating that the effect of lithium treatment on p-tau levels is directly linked to inhibition of GSK-3b (Figures 4g and e) . It is unlikely that lithium, being a reversible inhibitor of GSK-3b (Stambolic et al., 1996) , remains bound to the enzyme after the immunoprecipitation procedure explaining the observed decrease in kinase activity. Both in vivo and in vitro studies have shown an increase in Ser 9 phosphorylation in cortical neurons following LiCl treatment (De Sarno et al., 2002) , an epiphenomenon that could be responsible for the lower GSK-3 enzyme activity levels seen in the ex vivo assay. Indeed, Ser 9 phosphorylation after lithium treatment was also seen in the current study (data not shown).
Various classes of GSK-3 inhibitors reduce tau phosphorylation in the postnatal rat To our knowledge, attempts to demonstrate the in vivo efficacy of the majority of GSK-3 inhibitors have not been undertaken or published. Furthermore, since there is limited published data on the efficacy of these inhibitors in reducing tau phosphorylation in vivo and in vitro, we chose to test a battery of GSK-3 inhibitors belonging to distinct chemical classes in our postnatal rat as well as in a human, neuronal in vitro model. The IC 50 of these compounds was also determined using recombinant GSK-3b and in a cell-based neuronal system to obtain an idea of membrane permeability (see the next section). Before in vivo administration, the solubility properties of each inhibitor were assessed based on chemical structure, and different vehicles chosen using this information (Table 1) . To achieve the highest accumulation of drug in the brain various doses and routes of administration were tested as described in the Methods section. Using turbulent flow chromatography (HTLC) followed by detection by MS/MS, we monitored the brain levels of each compound at different time points after drug administration. Here we present experimental data where the maximal conditions (brain concentration and effect on tau phosphorylation) for each compound were achieved.
Thiazole. AR-A014418 has been reported to reduce p-tau levels in JNPL3 mice (Noble et al., 2005) and was therefore tested in our model. AR-A014418 was dissolved in polyethylene glycol 400 (PEG 400) and injected 30 mg kg À1 p.o.
for 2, 4 and 6 h. After 2 h of drug administration E3 mM of AR-A014418 could be detected in whole brain homogenates, which decreased to 1.2 mM after 4 h (Table 1) . Surprisingly, no effect of the compound on the phosphorylation levels of either 43 or 49 kDa tau could be observed in the cortex or hippocampus at any time point studied (see Table 1 ; only data for 4 h time point shown (Figures 5a-f ). Furthermore, a slight but not significant effect of the vehicle used, PEG-400, on hippocampal p-tau levels was observed when compared to naive animals. We also tested the effect of AR-A014418 dissolved in 25% Cremaphor EL at 10 mg kg À1 , given s.c. The concentration of this compound measured in the whole brain after 2 h was E0.5 mM, a concentration sixfold lower than that obtained at the same time point when PEG-400 was used. Western blotting analysis using the same epitopespecific antibody of tissue extracted 2, 4 and 6 h after drug exposure showed no effect on p-tau levels in the cortex or hippocampus. The different doses and vehicles used for this compound are also summarized in Table 1 . AR-A014418 also failed to show an effect on tau phosphorylation in LUHMES cells when used at 2 mM, a concentration well above its IC 50 of 300 nM (Table 2) .
Bis-Indole. We chose to continue testing another GSK-3 inhibitor, Indirubin-3 0 -monoxime, which has shown in vitro effects on tau phosphorylation (Leclerc et al., 2001 ). Similar to AR-A014418, Indirubin-3 0 -monoxime, injected 20 mg kg À1 , i.p., did not affect p-tau levels in either the cortex or hippocampus of P12 rats despite the high concentration of the compound in the brain (13 mM; Table 1 ) and a low IC 50 (26 nM; Table 2 ). Indirubin-3 0 -monoxime induced a 30-45% reduction in 43 and 49 kDa hippocampal p-tau isoforms when compared to naive animals, but this modest vehicle effect was not statistically significant (oneway ANOVA). In addition, there was no change in either the 43 or 49 kDa p-tau bands after 2 h (cortex) and 1 h (hippocampus) between drug and vehicle-treated groups, as shown in Figures 6a-f. Despite our efforts to optimize delivery by using different routes of administration or vehicles, we did not succeed in observing an effect of this compound on p-tau levels in the P12 rat brain (Table 1) . Notably, Indirubin-3 0 -monoxime was difficult to dissolve in various vehicles tested and correspondingly very low brain levels were often observed in such vehicles (Table 1) . Interestingly, while having no effect in the postnatal rat model, Indirubin-3 0 -monoxime reduced p-tau levels in neuronal cultures (see below), a discrepancy that could be explained by high protein binding or increased metabolism in vivo.
Aminopyrimidine. The novel GSK-3 inhibitor CHIR98014, which has been thus far only tested in rodent models of diabetes, displayed an IC 50 ¼ 4 nM in a recombinant enzyme activity assay (see below) and was very potent at decreasing Ser 396 tau phosphorylation in a human neuronal cell line, LUHMES, when used at 2 mM (Table 2 ). This prompted us to test its effect on tau phosphorylation in vivo. P12 rats were injected i.v. with 30 mg kg À1 of the compound dissolved in DMSO. Different doses, vehicles and routes of administration were tested and brain exposure studies were performed (see Methods section and Table 1 ). Dissolving the compound in DMSO and injecting it i.v. led to a maximal concentration in the brain of 7 mM (Table 2 ). Animals were therefore treated i.v. with 30 mg kg À1 CHIR98014 for 1, 2 and 4 h. As shown in Table 1 , accumulation of CHIR98014 in the brain reached a peak after 1 h and remained stable even after 2 and 4 h of injection. Tissue analysed by western blotting using a Ser 396 p-tau antibody showed a E40% reduction in the phosphorylation of 43 and 49 kDa tau in the cortex (Figures 7a-c) . A significant, threefold reduction in the 43 kDa isoform was also observed in the hippocampus (Figures 7d and e) , while no significant reduction in 49 kDa was observed at any time point (Figures 7d and f) . Furthermore, a dose-dependent decrease in p-tau levels was also observed when CHIR98014 was injected i.v. for 1 h at different doses (1-30 mg kg À1 ) although a significant reduction was only detectable at doses above 10 mg kg À1 (Figures 8a-c) . The potency of CHIR98014 correlated well with its maximal brain concentration (7 mM) and IC 50 for this compound (3.7 nM, Table 2 ). At 2 mM, CHIR98014 led to a 490% reduction in p-tau in a human neuronal cell line (Table 2) . To explore whether the mechanism underlying the observed decrease in tau phosphorylation was directly linked to the selectivity of CHIR98014 towards GSK-3b, we ). A 50% reduction in GSK-3b activity levels was observed in CHIR98014-treated animals compared to vehicle-treated rats (Figures 7g and h) . Control experiments showed that at peak brain concentrations, CHIR98014 did not remain bound to the enzyme during the immunoprecipitation procedure and the observed decrease in enzyme activity could, as in the case of lithium, be due to autoinhibitory phosphorylation at the Ser 9 epitope (data not shown).
Arylindolemaleimide. Similar to CHIR98014, the GSK-3 inhibitor SB216763 also decreased p-tau levels in our neuronal cultures and exhibited an IC 50 in the 10 nM range, which prompted us to test it in the postnatal rat model for an in vivo effect. The highest levels were obtained in whole brain homogenates when the compound was dissolved in DMSO and injected i.v. to P12 rats (15 mM at 2 h; Table 1 ). Thus, P12 rats were injected i.v. with 30 mg kg À1 SB216763 dissolved in DMSO, and the levels of p-tau in drug-vs vehicle-treated animals were assessed after 2 h by western blotting. Even though no decrease in tau phosphorylation was observed in the cortex at this time point (Figures 9a-c) , SB216763 showed a consistent reduction in the phosphorylation of both 43 and 49 kDa p-tau in the hippocampus compared to vehicle-treated animals (Figures 9d-f) . In addition, a significant increase in the phosphorylation state of 49 kDa tau was observed in cortical tissue from animals treated with SB216763 as compared to naive animals with a small yet nonsignificant vehicle effect seen between the vehicle and naive groups (Figures 9a and c) . Since all compound effects were compared to vehicle-treated rats and no statistical difference was seen between SB216763 and vehicle-treated À1 AR-A014418 (4 h administration) on p-tau levels was quantified by densitometry of both 43 and 49 kDa bands and compared to vehicle-treated animals. Data represent mean7s.d. and are expressed as Ser 396 p-tau normalized to GAPDH (NS, P40.05, compared to vehicle, one-way ANOVA followed by Dunnett's test, n ¼ 5). ANOVA, analysis of variance; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSK-3, glycogen synthase kinase-3; p-tau, phosphorylated tau. rats, we did not explore this phenomenon further. Interestingly, in the hippocampus, the opposite effect was observed, that is a decrease in p-tau levels induced by the vehicle, in comparison to naive animals, and a smaller, yet significant effect when comparing SB216763 to vehicle-treated controls (Figures 9d-f) .
The disparity between the p-tau levels in cortex and hippocampus led us to investigate GSK-3b enzyme activity levels in both brain regions after drug exposure (Figures 9g-j) . Cortical and hippocampal tissue from P12 rats injected i.v. with SB216763 (30 mg kg À1 ) for 2 h was homogenized, and the GSK-3b activity were measured. A 60% reduction in GSK3b activity levels was observed in the hippocampus but not cortex of SB216763-treated animals compared to vehicletreated rats. Again, the reduction in kinase activity seen in the ex vivo assay is likely to reflect enhanced Ser 9 phosphorylation following inhibition of the enzyme, as shown by a recent study (Liang and Chuang, 2006) .
Benzazepinone. Next, we investigated the effect of Alsterpaullone in the postnatal rat model. Data in neuronal cultures showed a positive effect on p-tau at 2 mM, a concentration 4100 times higher than its IC 50 (Table 2) . This inhibitor was dissolved in several vehicles and given by various routes of administration. Even though a maximal concentration of 2.5 mM achieved after 2 h when the drug was given i.v., this approach did not lead to a reduction in p-tau levels in either cortex or hippocampus (Table 1) . However, dissolving the compound in 20% DMSO/25% Tween-80 and injecting it s.c. at a dose of 20 mg kg
À1
, resulted in a brain concentration of 350 nM (Table 1 ) and led to a reduction in 43 kDa tau phosphorylation in cortex after 2 h, as shown in Figures 10a-c. No change in the 49-kDa isoform was observed. In hippocampus, the phosphorylation levels of 43 and 49 kDa isoforms were significantly decreased when analysed 2 h after drug administration (Figures 10d-f) . It is noteworthy to mention that we also observed a small albeit not significant effect of the vehicle on p-tau levels (49 kDa isoform) as compared to naive animals in this experimental set-up.
Determination of IC 50 values for various GSK-3 inhibitors
The enzyme IC 50 values for different GSK-3 inhibitors were determined by utilizing the [g-33 P]ATP-streptavidin-FLASHplate assay, described in the Methods section. From the IC 50 values shown in Table 2 , we found the following rank order of potency: CHIR980144SB2167634Alsterpaullone4Indir-ubin-3 0 -monoxime4AR-A0144184TDZD-8. In accordance with the published values, the aminopyrimidine class of inhibitor, CHIR98014, was shown to be the most potent compound with an IC 50 of 3.7 nM (the published IC 50 is 0.63 nM; Ring et al., 2003) .
The apparent K m value for ATP was determined by measuring the amount of phosphorylated substrate under conditions with a constant [g-33 P]ATP concentration (2 mCi ml
À1
) and increasing concentrations of unlabelled ATP at different time points from 10 to 60 min. Values are given as mean with (min; max) values, because of the logarithmic distribution of the IC 50 and apparent K m . Linearity in product formation over time was observed under all conditions tested. These experiments showed a Abbreviations: DMSO, dimethylsulphoxide; GS, glycogen synthase; GSK-3, glycogen synthase kinase-3; MTT, (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. The IC 50 for each compound was determined by the incorporation of 33 P into a GS peptide by human recombinant GSK-3b. The incorporated radioactivity was measured via scintillation and IC 50 values calculated by nonlinear regression. Data are shown in [nM] . For the cell-based GSK-3b activity assay, LUHMES cells were treated with GSK-3 inhibitors for 6 h and GSK-3b activity measured, as described in Methods section. Densitometry analysis was performed on autoradiographic film and IC 50 s calculated using sigmoidal dose-response curve fit analysis. Data are shown in [nM] . For determination of tau phosphorylation, LUHMES cells were treated for 6 h with 2 mM inhibitors, lysed, and human, endogenous Ser 396 p-tau levels measured using an ELISA kit from Biosource. Data are shown as percentage inhibition of Ser 396 p-tau compared to DMSO-treated cells. For neuroprotection experiments, LUHMES cells were co-treated with 2 mM inhibitors and 50 mM of the PI3 kinase inhibitor, LY294002, for 72 h and cell viability measured using the MTT reduction assay. Data are shown as % inhibition of LY294002-induced toxicity compared to DMSO-treated controls.
time independent apparent K m for ATP ranging from 0.6 to 1.9 mM over time with an average of 0.86 mM (0.74 mM; 1.00 mM, n ¼ 6). All inhibitor experiments were performed under conditions with only labelled [g- . At 2 mCi ml À1 the IC 50 value for staurosporine was determined to be 2.1 nM (1.3 nM; 3.4 nM, n ¼ 8). Half-maximal inhibition experiments with a number of known GSK-3 inhibitors were performed under the conditions described above and all but TDZD-8 showed concentration-dependent inhibition with IC 50 values ranging from 4 to 300 nM (Table 2) . TDZD-8 did not result in any significant inhibition at concentrations up to 10 mM. This discrepancy with previous published results (Martinez et al., 2002) can most probably be ascribed to the differences in assay conditions. Martinez et al. (2002) determined the IC 50 value of TDZD-8 as 2 mM. For the cell-based assay, differentiated LUHMES cells were treated with increasing concentrations of various GSK-3 inhibitors for 6 h, and the total enzyme activity was measured. The resulting IC 50 values for most of the inhibitors were 4-to 20-fold higher than those determined in the recombinant GSK-3b assay, with the exception of AR-A014418, which was 50-fold higher, and TDZD-8, which showed an IC 50 of E10 mM in both analyses (Table 2 ). This is most probably ascribed to the differences in assay conditions, such as concentration of substrate or radioactive ATP used. In addition, the discrepancy between the recombinant IC 50 values and those obtained in the cell-based LUHMES assay could be explained by differences in membrane permeability for each inhibitor, degradation in the medium or following cellular uptake, or increased p-glycoprotein-mediated cellular efflux of compounds that are substrates for this transporter. Figure 6 The bis-indole GSK-3 inhibitor, Indirubin-3 0 -monoxime, did not reduce tau phosphorylation in vivo. (a) Levels of 43 and 49 kDa Ser 396 p-tau were quantified by western blotting in cortical lysates of P12 rats given 20 mg kg À1 Indirubin-3 0 -monoxime for 2 h. (b) Both 43 kDa and (c) 49 kDa bands were quantified by densitometry (NS, P40.05, compared to vehicle, one-way ANOVA followed by Dunnett's test n ¼ 5). (d) Western blotting of hippocampus analysed as described above. (e and f) The effect of 20 mg kg À1 Indirubin-3 0 -monoxime (1 h administration) on p-tau levels was quantified by densitometry of both 43 and 49 kDa bands and compared to vehicle-treated animals. Data represent mean7s.d. and are expressed as Ser 396 p-tau normalized to GAPDH (NS, P40.05, compared to vehicle, one-way ANOVA followed by Dunnett's test, n ¼ 5). ANOVA, analysis of variance; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSK-3, glycogen synthase kinase-3; p-tau, phosphorylated tau.
All GSK-3 inhibitors were also tested for their efficacy in inhibiting endogenous tau phosphorylation at the Ser 396 epitope in LUHMES cells, Differentiated LUHMES cells were treated for 6 h with different classes of GSK-3 inhibitors used at a concentration of 2 mM and the levels of Ser 396 p-tau determined by ELISA. Most of the inhibitors tested significantly lowered p-tau levels in intact cells when used at a concentration of 2 mM, with the exception of TDZD-8 and AR-A014418 (Table 2) . Interestingly, despite its IC 50 values in both the recombinant and cell-based assay and its ability to Figure 7 The aminopyrimidine GSK-3 inhibitor, CHIR98014, reduced tau phosphorylation in vivo. P12 rats were given 30 mg kg À1 CHIR98014 (dissolved in sterile DMSO) i.v. and (a) p-tau levels in the postnatal rat cortex were analysed by western blotting using a Ser 396 antibody (1:5000). (b and c) 43 and 49 kDa p-tau levels in the cortex were quantified by densitometry and compared to vehicle-treated animals. Data represent mean7s.d. and are expressed as Ser 396 p-tau normalized to GAPDH (***Po0.001, **Po0.01, compared to vehicle, one-way ANOVA followed by Dunnett's test; n ¼ 6). (d) Western blotting of hippocampal tissue from rats given 30 mg kg À1 CHIR98014 i.v. was performed and p-tau levels quantified by densitometry of both 43 and 49 kDa bands and compared to DMSO-treated animals as shown in (e and f). Data represent mean7s.d. and are expressed as Ser 396 p-tau normalized to GAPDH (**Po0.01, NS P40.05, compared to vehicle, one-way ANOVA followed by Dunnett's test; n ¼ 6). (g) Total GSK-3b enzyme activity was measured in cortical lysates of P12 rats treated with 30 mg kg À1 CHIR98014, i.v. for 1 h. (h) Incorporation of 33 P into a GS peptide was quantified by densitometry analysis of autoradiographic film. Data are expressed as percentage of enzyme activity compared to vehicle-treated animals and represent the mean7s.d. (**Po0.01, t-test followed by Mann-Whitney test, n ¼ 3). ANOVA, analysis of variance; DMSO, dimethylsulphoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GS, glycogen synthase; GSK-3, glycogen synthase kinase-3; p-tau, phosphorylated tau.
lower p-tau in LUHMES cells, Indirubin-3 0 -monoxime was not efficacious in lowering p-tau in vivo.
Lastly, the ability of these inhibitors to block LUHMES cell death induced by LY294002, a specific PI3 kinase inhibitor, shown to activate GSK-3b by inhibiting Akt-mediated Ser 9 (autoinhibitory) phosphorylation of the enzyme (Vlahos et al., 1994) , was tested in parallel cultures. Cells were cotreated with 2 mM of each GSK-3 inhibitor and 50 mM LY294002 and cell survival monitored after 72 h using the MTT reduction assay. CHIR98014, Alsterpaullone and Indirubin-3 0 -monoxime were the most efficacious at rescuing cells from LY294002-induced cell death at this concentration, showing 450% neuroprotection, followed closely by SB216763 (Table 2 ). These data correlated well with the IC 50 obtained in the LUHMES assay, which ranged from 70 to 236 nM (Table 2) . Furthermore, the ability of these inhibitors to decrease p-tau levels correlated with their neuroprotective potential suggesting that both tau phosphorylation and LY294002 toxicity are mediated by GSK-3b. Compounds largely ineffective at reducing p-tau and LY294002-induced toxicity at 2 mM (for example, AR-A0144184TDZD-8) displayed cell-based IC 50 s in the 9-16 mM range.
Discussion
The correlation between high levels of p-tau and GSK-3b activity observed in juvenile rat brains (Takahashi et al., 1995; Leroy and Brion, 1999) suggests that GSK-3b is involved in tau hyperphosphorylation during brain development (Takahashi et al., 1995) . In fact, GSK-3b immunoreactivity has been colocalized with p-tau in hippocampal CA3 pyramidal neurons in the P12 rat brain (Takahashi et al., 2000) . We confirmed an elevation in p-tau in the cerebral cortex, hippocampus and whole brain during postnatal development in rats by using several antibodies recognizing AD-relevant epitopes of p-tau including Ser , were administered i.v. to P12 rats and cortical tissue was harvested after 1 h. Western blotting was performed and membranes probed with a Ser 396 antibody to determine the dose-dependent effect of this compound on p-tau. Blots for at 1 and 10 mg kg À1 CHIR98014 are presented. (b and c) Quantification of Ser 396 p-tau normalized to GAPDH is shown and represents the mean7s.d. for both the 43 and 49 kDa bands (**Po0.01, NS P40.05, compared to vehicle, one-way ANOVA followed by Dunnett's test; n ¼ 4). ANOVA, analysis of variance; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; p-tau, phosphorylated tau. Figure 9 The arylindolemaleide GSK-3 inhibitor, SB216763, reduced tau phosphorylation in vivo. Animals were injected i.v. with 30 mg kg À1 SB216763 (dissolved in DMSO) and (a) cortical tissue was analysed after 2 h by western blotting using a Ser 396 p-tau-specific antibody (1:5000). (b) Both 43 kDa and (c) 49 kDa bands were quantified by densitometry. Data are expressed as Ser 396 p-tau normalized to GAPDH and represent the mean7s.d. (NS, P40.05, *Po0.05, compared to vehicle-treated animals, or naive animals, as noted, one-away ANOVA, n ¼ 4). (d) Western blotting of hippocampus analysed 2 h after i.v. injection was performed and the effect of SB216763 on p-tau levels was quantified by densitometry analysis of both the 43 and 49 kDa bands and compared to p-tau levels from DMSO-treated animals (e and f). Data represent mean7s.d. and are expressed as Ser 396 p-tau normalized to GAPDH (**Po0.01, *P40.05, compared to vehicle, one-away ANOVA followed by Tukey test, n ¼ 4). Total GSK-3b enzyme activity was measured in both cortical (g) and hippocampal (h) tissue lysates from P12 animals treated with 30 mg kg À1 SB216763 i.v. for 2 h. (i and j) Quantification of 33 P incorporated into a GS peptide was performed by densitometry analysis of autoradiographic film. Data are expressed as percentage of vehicle-treated animals and represent the mean7s.d. (NS, P40.05, *Po0.05, t-test followed by Mann-Whitney test, n ¼ 3). ANOVA, analysis of variance; DMSO, dimethylsulphoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GS, glycogen synthase; GSK-3, glycogen synthase kinase-3; p-tau, phosphorylated tau.
immunohistochemical analysis revealed a clear pattern of enhanced tau phosphorylation throughout the postnatal rat brain. High levels of p-tau were found both in cell bodies and neurites, as reported previously (Gartner et al., 1998; Takahashi et al., 2000) . Studies investigating the distribution of tau during development using total anti-tau antibodies (Brion et al., 1994; Takahashi et al., 2000) showed staining in neurons and proximal neurites in the neocortex and hippocampus of 9-day-old rats. The staining intensity in the cell soma and apical dendrites appeared to be increased in adult (5-week-old) rats. This differed from the staining pattern using phospho-specific antibodies, which was weaker. Similarly, in our study, the activity of GSK-3b strongly correlated with the observed increase in p-tau expression, suggesting that tau is indeed hyperphosphorylated by GSK3b in our animal model. To test the efficacy of pharmacological inhibition of GSK3b on tau phosphorylation, we used several known inhibitors of GSK-3 belonging to distinct chemical classes in both a human, neuronal in vitro model (LUHMES cells) and in our in vivo rodent model. These inhibitors were chosen based on their high affinity and selectivity for GSK-3b over other, potentially related kinases (for example, CDK1, 2 and 5, PKA, PKC, MAPKK, ERK, JNK and SAPK) at concentrations relevant to those used in our recombinant assay (Coghlan et al., 2000; Leclerc et al., 2001; Martinez et al., 2002; Bhat et al., 2003) . For example, Bhat et al. (2003) used 10 mM AR-A014418, which showed selectivity towards GSK-3b (IC 50 ¼ 104 nM) over 26 other kinases. Paullones and maleimide derivatives were used at increasing concentrations, up to 100 mM and again the selectivity towards GSK-3b was found to be in the nM range. Those concentrations were well above the 2 mM concentration used in our recombinant assay. Lithium was included due to its wide use in the literature (Klein and Melton, 1996; Phiel and Klein, 2001; Jope, 2003; Beaulieu et al., 2004; Gould et al., 2006) . A recombinant GSK-3b activity assay showed IC 50 values in the nM-low mM range, correlating with published data for these compounds .05, compared to vehicle, one-way ANOVA, n ¼ 4). (d) Western blotting of hippocampus was analysed 2 h after drug administration as described above and (e and f) the effect of 20 mg kg À1 Alsterpaullone (s.c. administration) on hippocampal levels of p-tau was quantified by performing densitometry on both 43 and 49 kDa bands and compared to vehicle-treated animals. Data represent mean7s.d. and are expressed as Ser 396 p-tau normalized to GAPDH (**Po0.01, NS, P40.05, compared to vehicle, one-way ANOVA followed by Tukey test, n ¼ 4). ANOVA, analysis of variance; DMSO, dimethylsulphoxide; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GS, glycogen synthase; GSK-3, glycogen synthase kinase-3; p-tau, phosphorylated tau. (Table 2 ) with the exception of TDZD-8. TDZD-8, a GSK-3b inhibitor with a reported non-ATP competitive mode of action (Martinez et al., 2002) , was completely ineffective at reducing p-tau in a human neuronal cell line or at protecting cells from the toxic effects of LY294002, a PI3 kinase inhibitor known to induce apoptosis via activation of GSK3b, when used at 2 mM. Even though Martinez et al. (2002) have reported an IC 50 ¼ 2 mM in a recombinant assay, we estimated an IC 50 E10 mM in an immunoprecipitation-based cellular assay, which might explain its lack of efficacy in our neuronal assay.
In contrast to TDZD-8, CHIR98014, Alsterpaullone, Indirubin-3 0 -monoxime and SB216763 were very potent at reducing tau phosphorylation and preventing LY294002-induced cell death in vitro. The efficacy of SB216763 in our experiments correlates with published studies showing the ability of this compound to stimulate glycogen synthesis in human liver cells (Coghlan et al., 2000) and protect neuronal cells from LY294002-induced apoptosis (Cross et al., 2001) . However, the effect of SB216763, CHIR98014, and Alsterpaullone on AD-relevant end points has not been reported in the literature. For instance, CHIR09814 has shown efficacy in rodent models of type II diabetes (Ring et al., 2003 ) but had never been tested either in vitro or in vivo for its effects on tau phosphorylation. On the other hand, Indirubin-3 0 -monoxime was tested in insect cells transfected with human 3R tau (Leclerc et al., 2001) , and AR-A014418 in 3T3 fibroblasts overexpressing 4R tau (Bhat et al., 2003) and shown to reduce tau phosphorylation in both systems. In our human neuronal cell line, however, AR-A014418 did not reduce tau phosphorylation when used at a similar concentration of 2 mM but partially rescued cells from LY294002-induced cell death in agreement with studies by Bhat et al. (2003) showing protection against LY294002-induced toxicity in mouse neuroblastoma N2A cells as well as Abmediated cell death in organotypic hippocampal slices at similar concentrations. Thus, it appears that inhibition of a kinase other than GSK-3b could mediate the neuroprotective effect of AR-A014418, since this compound showed an IC 50 of 10 mM in our cell-based enzyme activity assay. This target remains elusive and does not appear to include one of the 26 kinases tested by Bhat et al. (2003) in a crossreactivity screen performed at 10 mM.
Next, we investigated whether pharmacological inhibition of GSK-3b in vivo could reduce tau phosphorylation in this model and whether this effect was directly linked to inactivation of the enzyme. LiCl and CHIR98014 dose dependently decreased p-tau levels in the hippocampus and cortex. In the cortex, the effect on 43 and 49 kDa tau isoforms was comparable, but in the hippocampus, both inhibitors led to a greater reduction in the 43 vs the 49 kDa p-tau band in the hippocampus, suggesting that in this brain region, the shorter isoform of tau is a better substrate for GSK-3b. Ex vivo GSK-3b activity assays performed in cortical tissue showed a 40-50% decrease in enzyme activity following administration of these compounds. Interestingly, SB216763 reduced tau phosphorylation of both 43 and 49 kDa isoforms (although an effect on the latter was more pronounced) in the hippocampus but not cortex with GSK3b activity measurements showing a positive correlation between p-tau reduction and GSK-3b inhibition in these regions. Although we cannot offer a clear explanation as to why GSK-3b activity was reduced in one brain area and not in the other, it is possible that the inhibitory mode of action of this compound is dependent on the phosphorylation state of the enzyme, for example GSK-3b activity is normally inhibited by phosphorylation at Ser 9 by kinases such as Akt and activated by auto-phosphorylation at Tyr 216 (Cross et al., 1995; Lochhead et al., 2006) , and that the basal activity of GSK-3b and distribution of kinases modulating GSK-3b phosphorylation (for example, PKB/Akt and PKA) could differ across brain regions. Also, the tissue distribution of the compounds may account for some of the discrepancy in their effects on p-tau levels (that is, hippocampus vs cortex). In addition, the differential expression of other tau-phosphorylating kinases such as CDK5 in these areas could play a role.
Unlike several of the inhibitors tested, AR-A014418 showed no effect in reducing tau phosphorylation in vivo at doses where the compound reached low mM concentrations in the brain ( Figure 5 ). Since our cell-based activity assay showed an IC 50 100-fold higher than that reported in the literature and confirmed in-house using a recombinant GSK-3b activity assay, we hypothesize that this inhibitor could be significantly metabolized or degraded in the media or inside the cell, as an assay in Caco-2 cells showed modest membrane permeability for this compound (data not shown). Indeed, its lack of efficacy in reducing tau phosphorylation in our neuronal in vitro model supports this hypothesis. Interestingly, AR-A014418 was shown to decrease aggregated p-tau in the brainstem of JNPL3 transgenic mice (Noble et al., 2005) and reverse defects in axonal transport in a Drosophila model (Mudher et al., 2004) . Since different vehicles were used for these studies and the authors did not report CNS levels in their model systems we cannot draw any conclusions regarding the discrepancies observed between studies. However, we suggest that the effects observed by both groups could be mediated by an interaction of AR-A1014418 with other kinases besides GSK3b, since we also found that AR-A1014418 rescued the LUHMES cells from LY294002 toxicity at a concentration where this enzyme was not inhibited. Indirubin-3'-monoxime also did not have an effect on p-tau levels in our postnatal rat model despite its efficacy in vitro and mM exposure levels in the brain, well above its IC 50 , with one of the vehicles tested (Table 1) .
Diverse transgenic mice models overexpressing mutant forms of tau have been developed in order to elucidate the mechanism behind tau pathology in neurodegenerative diseases such as FTDP-17 and AD (Spittaels et al., 1999; Ikeda et al., 2005; Boekhoorn et al., 2006) . In an inducible model, suppression of mutated tau overexpression led to improvements in memory function and neuroprotection despite the ongoing presence of NFT (Ramsden et al., 2005; SantaCruz et al., 2005) . Other models of tau mutations show synaptic dysfunction and gliosis during early age when tangles are still not present (Yoshiyama et al., 2007) . These studies support the hypothesis that pre-aggregated forms of tau could be responsible for synaptic deficits and cognitive dysfunction, effects that could be mediated by axonal transport defects and are independent of NFT formation.
In this study, we present for the first time, evidence for the in vivo effect of six classes of small-molecule GSK-3 inhibitors on reducing tau hyperphosphorylation in a postnatal rat model and a human neuronal cell line. The effect on tau phosphorylation in vivo was observed in regions relevant to the pathogenesis of AD and at brain concentrations within the IC 50 range of these compounds. The target selectivity of some of these compounds is strongly suggested by previously published reports (for references see Table 2 ) as well as by a small crossreactivity screen assay performed by us (data not shown). The potency of the compounds was suggested by their inhibitory effect on GSK-3b activity ex vivo (Figures 7g,  h and 9g-j) and by their positive effect on neuroprotection and reduction of p-tau levels in vitro at low mM concentrations. Our results support previous suggestions that GSK-3b could be an attractive target for novel disease-modifying therapies for AD and related conditions involving p-tau.
